Abstract: Naphthoquinones have been reported to possess a variety of pharmacological properties including antibacterial, antifungal, antiviral, anti-inflammatory, anti-artherosclerotic and anticancer effects. We have successfully synthesized a series of novel naphthoquinone acylhydrazides. The straightforward synthesis of these molecules involves a coupling reaction between 2,3-dichloro-1,4-naphthoquinone and several alkyl and aromatic hydrazides and the hydrazides of the pyrimidine nucleobases, uracil and thymine. The product hydrazides were isolated in good yields and completely characterized by spectroscopic analysis. Biological evaluation against human colon cancer HCT116 cells and human breast cancer MCF-7 cells indicated that the novel hydrazides possessed significant anticancer activity.
Introduction
Naphthoquinones are compounds found in higher plants which have been used in folk medicine for the treatment of various diseases. 1 Naphthoquinones have been reported to possess a variety of pharmacological properties including antibacterial, antifungal, antiviral, anti-inflammatory, antiartherosclerotic and anticancer effects. 2 1,4-Naphthoquinone 1 encompasses the quinone pharmacophore which is typically associated with most of the biological activity of similar molecules. 3 Our interest in naphthoquinones was stimulated by the literature which is abundant with research involving the isolation and subsequent biological testing of naphthoquinones from natural products and novel synthetic naphthoquinone derivatives. 1 The quinonoid anticancer drugs such as mitomycin C, daunorubicin, doxorubicin and mitoxantrone have been used in the treatment of various types of cancers, including solid tumors. 4 Mitomycin C 2, a bioreductive alkylating agent, expresses antitumor activity by the reductive redox-cycling hydroquinone. 5 Another representative quinone derivative with antitumor activity, Doxorubicin 3, (Figure 1 ) acts as an intercalator. 6 The mechanism of cytotoxic action is related to the interference of naphthoquinones in the DNA synthesis. 
Background
Recent studies have shown that the incorporation of a chlorine atom into 1,4-naphthoquinone derivatives is essential for antifungal activity. 8 In addition, 1,4-naphthoquinones possessing an amino or a substituted amino group in the 2-position, have been used in a variety of medical and biological applications, including as antituberculars, antimalarials, antibacterials, antitumor agents, larvicides and molluscicides, herbicides, and fungicides. [9] [10] [11] [12] [13] The presence of the nitrogen atom allows modulation of the substituent's effects on the electronic properties of the quinone system, as well as modification of the geometry of the neutral molecules and of their reduction intermediates. 14 Hydrazides are also an important class of compounds utilized in pharmaceutical products. 15 Hydrazides have been associated with antibacterial, antifungal, antihelminthic and anticonvulsant activities. [16] [17] [18] [19] In addition to their biological properties, hydrazides are starting materials for a range of potentially bioactive derivatives, such as hydrazones, oxadiazoles, triazoles and pyrazolones. Many pyrimidine nucleosides such as gemcitabine, cytarabine, 5-fluorodeoxyuridine, capecitabine, and decitabine, are clinically used for the treatment of both solid and hematological cancers. 20, 21 Despite recent advances in the development of anticancer drugs, the design and preparation of novel nucleoside-based anticancer therapeutics for the treatment of drug-resistant tumors remains an important research goal worldwide.
For this reason we were interested in investigating the preparation of hydrazide derivatives of 2,3-dichloro-1,4-naphthoquinone which incorporate these important pharmacophores. Many pyrimidine nucleosides such as gemcitabine, cytarabine, 5-fluorodeoxyuridine, capecitabine, and decitabine, are clinically used for the treatment of both solid and hematological cancers. 20, 21 Despite recent advances in the development of anticancer drugs, the design and preparation of novel nucleoside-based anticancer therapeutics for the treatment of drug-resistant tumors remains an important research goal worldwide. For this reason we were interested in investigating the preparation of hydrazide derivatives of 2,3-dichloro-1,4-naphthoquinone which incorporate these important pharmacophores.
Experimental
A solution of alkyl hydrazide (l.0 -5.0 mmol) and 2,3-dichloro-1,4-naphthoquinone (1 equiv, 1.0 -5.0 mmol) in DMSO (20 ml) was stirred for 24 -72 h at room temperature. The reaction mixture was then diluted with water (20 mL) and stirred for 10-15 min. The formed precipitate was filtered, washed with water and purified by trituration from dioxane and hexane and dried under reduced pressure to give the pure product as a solid. All the products were identified on the basis of their spectral data. The 1 H, 13 C NMR and HRMS spectra, and LCMS traces of all the synthesized compounds are provided in the Supporting Information.
HCT116 p53+/+ human colon cancer cells and MCF-7 (p53+/+, noninvasive) human breast cancer cell lines were cultured in RPMI 1640 (Sigma-Aldrich, UK) with 20mM HEPES and L-Glutamine at 37ºC in a humidified atmosphere of 5% CO 2 and 95% air. Media was supplemented with 1% Penicillin-Streptomycin (100 U/ml) and 10% heat-inactivated FBS (Sigma-Aldrich, Germany), 1% non essential amino acids and 1% of Na pyruvate.
The cells were seeded at 12 x10 3 cells/well in 96-well plates and treated with different concentrations of compounds 6a-j for 24 h. Control cells were treated with 6a-j such that the concentration of DMSO was less than 0.3%. The inhibition of cell viability (expressed as percentage of control) was measured by the Cell Titer 96 non-radioactive cell proliferation kit (Promega Corp, Madison, Wisconsin, USA). This assay is an MTT based method that measures the ability of metabolically active cells to convert tetrazolium salt into a blue formazan product, and its absorbance is recorded at 595 nm. Each value is the mean ±SD of two separate experiments each done in triplicates. The IC 50 represents the concentration at which 50% of the cells are viable.
Present Study

4.1.Chemistry
The reaction of 2,3-dichloro-1,4-naphthoquinone 4 with nucleophilic hydrazides 5a-j proceeds by a nucleophilic substitution reaction. The preparation of the desired acylhydrazide derivatives of 2,3-dichloro-1,4-naphthoquinone 6a-j was achieved by amination of 2,3-dichloro-1,4-naphthoquinone 4 with a variety of alkyl, aromatic and pyrimidine-based hydrazides. The starting aliphatic hydrazides were prepared from the corresponding esters 7a-j by reaction with hydrazine hydrate in methanol in the presence of a catalytic amount of trifluoroacetic acid according to an established literature procedure (Scheme 1).
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Scheme 1. Synthesis of compounds 6a-j
Reaction of the resultant hydrazides 5a-j with 2,3-dichloro-1,4-naphthoquinone in DMSO at room temperature from 24 -72 hours led to substitution of one of the chloro-substituents with the nucleophilic hydrazide. A related reaction in the literature involving 2,3-dichloro-1,4-naphthoquinone and an ibuprofen hydrazide derivative was performed in refluxing ethanol and the product was recrystallized from the said solvent. 23 Interestingly, in our case, attempts to react 2,3-dichloro-1,4-naphthoquinone with the various acylhydrazides at reflux in several solvents, including ethanol, lead to decomposition products that could not be characterized. We found it was essential to perform the coupling reaction at room temperature in the dissolving solvent DMSO. In fact, the product hydrazides 6a-j decomposed on silica and were heat sensitive which made purification by column chromatography and recrystallization impractical. Ultimately, the naphthoquinone hydrazide derivatives 6a-j were obtained as solids in good yields after trituration from a mixture of dioxane and hexane ( Table 1 ). The structures of the synthesized compounds have been confirmed by NMR, IR and mass spectral analysis which are provided in the supplementary information. An important feature of the NMR spectra of the acylhydrazides 6a-j is the presence of duplicate sets of some proton and carbon resonances, attributed to the existence of E-and Z-isomers in DMSO-d6 solution (Figure 2 ).
Figure 2. E/Z-isomers of the acylhydrazide 1,4-naphthoquinone products
Determination of E-or Z-geometry by NMR spectroscopy was based on earlier reports in the literature that acylhydrazides are generally more stable in their E-isomeric forms. [24] [25] [26] [27] Knapp originally suggested that the Z/E-equilibrium of hydrazides is not only governed by steric factors but also by the electronic effects. 24 Specifically, the preference for E-isomers in acylhydrazides can be attributed to destabilization of the Z-isomer due to lone pair-lone pair repulsion between electrons on the carbonyl oxygen and the hydrazide nitrogen (Figure 3 ). Knapp's model was supported by research conducted by Perdicchia and Licandro who studied the Z/E-equilibrium observed in a new series of trisubstituted hydrazides.
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Figure 3. E/Z-equilibrium of acylhydrazides
In our case, the percentage of major, presumably E-, was relatively consistent at 70% whereas the minor Z-isomer accounted for 30% of the product distribution ( Table 2 ). Poor solubility of the stearic hydrazide conjugate made characterization difficult, and consequently separate isomeric peaks could not be identified. In addition, attempts to perform an NMR temperature study to evaluate the characteristics of the E-/Z-equilibrium and determine the coalescence temperature proved futile due to the heat sensitive nature of the compounds. 
Biological Assay
The literature is inundated with reports describing the anticancer effects of naphthoquinones and their derivatives. [1] [2] [3] [4] [5] Thus, the naphthoquinone acylhydrazides 6a-j were evaluated for their cytotoxic activity against MCF-7 and HCT116 cell lines using MTT viability assay. As a positive control, the biological activity of Doxorubicin was evaluated in parallel at three different concentrations (0.75, 10, 50 µM) by the MTT viability assay (Figure 3) . Interestingly, all compounds showed dose-dependent inhibitory effect on the cancerous cell lines and were most active at 50 μM concentrations. Several compounds, such as 6b, 6e and 6h were active at concentration as low as 10 μM. However, the most effective compound 6c, with the undecylenic sidechain, had an IC 50 value of 33 μM on MCF-7 cells (Table 3 ). The significantly enhanced activity of this derivative may be attributed to the unsaturated fatty acid-like sidechain which has previously been reported to increase cytotoxic activity. 28 The reported activity of 2,3-dichloro-1,4-naphthoquinone 4 is comparable to the synthesized derivatives with IC 50 31 µM against MCF-7 tumor cell lines. 29 The activity of each compound varied between the two cell lines, indicating cell type specificity and suggesting different interactions with the cells. 
Conclusion
The facile and straightforward synthesis of a series of novel 1,4-naphthoquinone acylhydrazide derivatives is presented. The product hydrazides were prepared in good to excellent yields by the reaction of various aliphatic and aromatic hydrazides with 2,3-dichloro-1,4-naphthoquinone at room temperature. The structures of obtained compounds were characterized using the spectroscopic methods ( 1 H and 13 C NMR, IR, HRMS, LC-MS). Biological evaluation indicates that several of the naphthoquinone acylhydrazide derivatives possess significant anticancer activity, as the percentage of viable cells decreased significantly after treatment of both colon and breast cancer cells with these molecules. Although the derivatized naphthoquinone hydrazides showed lower activity than the chemotherapy drug Doxorubicin, their ability to target two types of solid tumors (breast and colon) is promising; thus future studies should explore their possible molecular mechanism of action.
